Herein, we investigated the channel coupling (CC) effect on the elastic scatterings of lithium (Li) isotopes (A = 6-9) for the 12 C and 28 Si targets at E/A = 50-60 MeV. The wave functions of the Li isotopes were obtained using the stochastic multi-configuration mixing (SMCM) method based on the microscopic-cluster model. The proton radii of the 7 Li, 8 Li, and 9 Li nuclei became smaller as the number of valence neutrons increased. The valence neutrons in the 8 Li and 9 Li nuclei exhibited a glue-like behavior, thereby attracting the α and t clusters. Based on the transition densities derived from these microscopic wave functions, the elastic-scattering cross section was calculated using a microscopic coupled-channel (MCC) method with a complex G-matrix interaction. The existing experimental data for the elastic scatterings of the Li isotopes and 10 Be nuclei were well reproduced. The Li isotope elastic cross sections were demonstrated for the 12 C and 28 Si targets at E/A =53 MeV. The glue-like effect of the valence neutrons on the Li isotope was clearly demonstrated by the CC effect on elastic scattering. Finally, we realize that the valence neutrons stabilized the bindings of the core parts and the CC effect related to core excitation was indeed reduced.
I. INTRODUCTION
Recently, study of unstable nuclei has significantly advanced both from theoretical and experimental viewpoints. Many new phenomena attributed to the increase in the degrees of freedom with the addition of valence protons or neutrons have been discussed in various unstable nuclei.
For instance, halo structure is a characteristic feature of valence neutrons that are weakly bound around core nuclei [1] [2] [3] . Additionally, the change or inversion of a single-particle structure [4] [5] [6] and Pygmy giant resonance [7] [8] [9] have been observed as exotic structures of unstable nuclei.
In light neutron-rich nuclei, it has been shown that valence neutrons exhibit a glue-like behavior; they strengthen the bindings of the clusters. The 8 Be (α + α) nucleus is well known as an unbound system; however, the 9 Be (α + α + n) nucleus is bound by the addition of a neutron. The valence neutrons play an important role in stabilizing the 10 Be and 12 Be nuclei [10] . Additionally, the valence neutrons in molecular orbits contribute to the binding. In addition, various molecular and atomic orbit configurations appear as the excited states of these nuclei [11, 12] . Furthermore, in neutron-rich C isotopes, the valence neutrons play an important glue-like role in the stabilization of the three-α-cluster states, including the linear-chain configurations [13, 14] .
In terms of the observable appearance of this glue-like effect, in nuclear reactions, it is difficult to compare the 8 Be and 9 Be nuclei because they are unbound and bound nuclei, respectively. In contrast, Li isotopes are good candidates for observing the glue-like effect. First, the loosely bound nature of the 6 Li and 7 Li nuclei has been thoroughly investigated; they are well known as α+d (α+p+n) and α+t cluster systems, respectively. The breakup effects of the 6 Li and 7 Li nuclei into α+d (α+p+n) and α+t systems, respectively, such as the channel coupling (CC) effect on elastic scattering, have been well investigated [15] [16] [17] . The scattering reaction data provides detailed information about the nuclear structure and nuclear reaction mechanisms. For instance, the CC effect on the breakup reaction of the 6 He, 6 Li, and 7 Li nuclei [15] [16] [17] [18] , the contribution of the core excitation to the elastic and inelastic scatterings [19, 20] , the important role of the multistep reaction in inelastic scattering [21] , and the decoupling of the deformation of the proton and neutron densities [22] have been investigated.
We also analyze the elastic scattering of the Li isotopes to investigate the role of its valence neutrons. If valence neutrons are added to the 7 Li nucleus, they are anticipated to have an impact on the CC effect. As mentioned above, Li isotopes are good candidates for investigating the glue-like behavior of valence neutrons in nuclear reactions. As for the framework, we combine follows:
The α cluster comprised four nucleons: spin-up proton, spin-down proton, spin-up neutron, and spin-down neutron. These shared a common Gaussian-centered parameter, R 1 . However, for simplicity, the spin and isospin of each nucleon were not explicitly described in this formula. The triton comprised three nucleons (proton, spin-up neutron, and spin-down neutron) with the same Gaussian-centered parameters. The projection onto an eigenstate of parity and angular momentum operators (projection operators P π and P JMK ) was performed numerically. The number of mesh points for the Euler angle integral was 16 3 , i.e., 4, 096. The value of M represents the z component of the angular momentum in the laboratory frame, and the energy does not depend on M; however, it does depend on K, which is the z component of the angular momentum in the body-fixed frame.
The Hamiltonian operator H has the following form:
where the two-body interaction v i j includes the central, spin-orbit, and Coulomb parts. With regard to the nucleon-nucleon (N-N) interaction, we used the Volkov No.2 effective potential for the central part [26] , which is expressed as follows:
where c 1 = 1.01 fm, c 2 = 1.8 fm, V 1 = 61.14 MeV, V 2 = −60.65 MeV, W = 1 − M, and M = 0.60.
The singlet-even channel of the original Volkov interaction without the Bartlet (B) and Heisenberg (H) parameters is known to be considerably strong; thus, B = H = 0.08 was introduced to remove the bound state of two neutrons.
For the spin-orbit term, we introduce the G3RS potential [27, 28] , V ls = V 0 (e
projection operator onto a triplet odd state. The operator L stands for the relative angular momentum and S represents the spin (S 1 + S 2 ). All parameters of this interaction were determined from the α + n and α + α scattering phase shifts [29] .
For the MCC calculation, we calculated the diagonal and transition densities, which are expressed as follows:
where 
B. MCC model
Next, we move on to the nuclear reaction calculation. We applied the calculated transition densities of the 6 Li, 7 Li, 8 Li, and 9 Li nuclei to MCC calculations with the complex G-matrix interaction MPa [30, 31] . The MPa interaction has been proven to be successful in heavy-ion scatterings [32, 33] . As a detailed calculation procedure for the folding potential has been described in previous research [25] , herein, only the essence of the MCC calculation was briefly introduced.
The diagonal and transition potentials required in the coupled-channel equation were obtained by the folding procedure in the MCC calculation. The potentials are obtained as the sum of the direct (U (DI) ) and exchange (U (EX) ) terms from the microscopic viewpoint as follows:
where α and β are the channel numbers and i, j, k, and l indicate the states of the projectile and target nuclei. The direct part of the folding potential is described as
whereas the exchange part is described as
where s = r p + R − r t . E/A is the incident energy per nucleon. Here, M and m are the reduced mass and nucleon mass, respectively. Note that the Coulomb part of the folding potential was obtained in a manner same as that used for calculating the proton densities of the projectile and target nuclei. v DI and v EX are the direct and exchange parts of the N-N interaction, respectively, for which we adopted MPa [30, 31] . j 0 is the spherical Bessel function of rank 0.
In the exchange part of Eq. (13), k(R) is the local momentum of the nucleus-nucleus relative motion, which is defined as follows:
where U (Nucl.) and V (Coul.) are the nuclear and Coulomb parts of the folded potentials for the elastic channel. The exchange part of the potential is calculated self-consistently based on the local energy approximation using Eq. (14). In Eq. (13), the density matrix ρ(a, b) is approximately expanded in the same manner as in previous research [34] .
where k eff F is the effective Fermi momentum [35] defined as
and we adopted C s = 1/4 following a previous study [36] .
We employed the so-called frozen-density approximation (FDA) [37] to evaluate the local density ρ in Eqs. (12) and (13). In FDA, the density-dependent N-N interaction is assumed to feel the local density, which is defined as the sum of the densities of the projectile and target nuclei:
For calculating the potentials, we used the average nucleon densities in the initial and final states for each nucleus [38, 39] :
The local densities were evaluated at the position of each nucleon for the direct part and at the middle point of the interacting nucleon pair for the exchange part by following the method used in the preceding research [39, 40] . FDA has also been widely used in the standard double-folding model calculations [32, 37, 39, [41] [42] [43] [44] , it has been proven to be the most appropriate candidate for evaluating the local density in the double-folding model calculations with realistic complex G-matrix interactions [32, 37] .
Although the spin-orbit interaction in the nucleon-nucleon system was considered in all structure calculations, the spin-orbit potential for the Li + 12 C and Li + 28 Si systems was ignored in the present reaction calculation, which has been demonstrated to be negligible for the elastic and inelastic cross sections in previous studies [45, 46] . It is worth noting that the analyzing power is also useful for investigating the CC effect, as reported in previous research [47] [48] [49] [50] . However, it is difficult to construct the spin-orbit and tensor potentials in our framework. In this study, the glue-like behavior exhibited by the Li isotope through the CC effect has been only investigated in the context of the elastic cross section. In addition, the magnetic-multipole transitions (M1 and M3) have not been considered herein.
III. RESULTS
A. Energies, root-mean-square radii, and transition strengths Firstly, we summarize the results of the structure calculation using the SMCM method. 7 Li nucleus were basically the spin-orbit partners of α and triton motion with a relative angular momentum of 1 (3), and this structure was well reproduced without assuming a triton cluster a addition of valence neutrons; however, these radii were slightly larger in comparison with the experimental data. The trend of the decrease in the proton radius exhibited the glue-like behavior of the valence neutrons, which attracted the α-t clusters in the Li isotope. The small transition strength of the 9 Li nucleus was considered to arise due to valence neutrons.
These neutrons exhibited a glue-like behavior, thereby attracting the α and t clusters. The valence neutrons caused the small radius and consistently resulted in a small transition strength for the 9 Li nucleus. 
B. Elastic scattering of Li isotopes
Next, we introduced the MCC method and calculated the elastic-scattering cross sections for the 12 C and 28 Si targets using the transition densities obtained above. Note that the imaginary part of the potential obtained using the folding calculation was multiplied by a renormalization factor, N W , as follows:
Here, V and W represent the real and imaginary parts of the folding model potentials, respectively, and N W is the only free parameter in the current MCC calculation. N W was used to multiply both the diagonal and off-diagonal potentials.
The transition densities of the target nuclei were calculated in the following manner. For the 12 C target, the transition density was taken from a previous research [53] . For the ground-state density of the 28 Si target, we use the nucleon densities that were deduced from the charge densities [54] extracted from the electron-scattering experiments by unfolding the charge form factor of a proton in the standard way [55] . In addition, we adopted the Bohr-Mottelson-type collective model [56] and a relation based on the K = 0 rotational band [57] to construct the quadrupole (λ = 2) components of the transition density in a manner same as that followed in a previous study [40] .
Herein, we considered both the projectile (Li isotopes) and target ( 12 C and 28 Si) excitations. The calculated results including the excitation effects of both nuclei were referred to as "full-CC".
In contrast, the calculated results without excitation effects were referred to as "1-ch". The results
for " 12 C * only" and " 28 Si * only" include only the target excitation effect.
Comparison of calculated results with experimental data
In this section, we compared the calculated results with the experimental data to test our model for light heavy-ion elastic scatterings. Figures 2 and 3 show the elastic cross sections for the 6 Li + 12 C and 6 Li + 28 Si systems, respectively, at E/A = 53 MeV. The experimental data were well reproduced up to backward angles with N W = 0.7. The CC effects for the 6 Li, 12 C, and 28 Si nuclei were clearly apparent on the elastic cross section. The 6 Li and 12 C nuclei exhibited CC effects comparable those during 6 Li + 12 C scattering. If the target nucleus is changed to 28 Si, the 6 Li and 28 Si nuclei would exhibit CC effect comparable to those during 6 Li + 28 Si scattering, except for forward angles. However, according to the visible information, the CC effect during 6 Li + 28 Si scattering appeared to be larger than that during 6 Li + 12 C scattering. 6 Li + 12 C system at E/A = 53 MeV. The experimental data are taken from a previous study [58] . 50 MeV. The calculated results with N W = 0.65 and 0.7 were found to reproduce the experimental data, except for the forward angles in the 7 Li + 28 Si system. A small change in the N W value in different systems is conceivable in the G-matrix folding model because the complex G-matrix interaction constructed in infinite nuclear matter is applied to the finite nucleus. Moreover, we confirmed that the other structural model (the orthogonality-condition model [15] ) also required a small change in the N W value in comparison with the 6 Li and 7 Li elastic scatterings in the present MCC calculation. The CC effects for the 7 Li, 12 C, and 28 Si nuclei were clearly observed in the elastic cross section. Again, the CC effect on a system with the 28 Si target appeared to be larger in comparison with that on a system with the 12 C target.
Next, we changed the nucleus to 9 Li. The quasi-elastic scattering of the 9 Li + 12 C system at E/A = 60 MeV is shown in Fig. 6 . The bold curve indicates the incoherent sum of the elastic and inelastic cross sections. The solid and dotted curves represent the results for the elastic and inelastic cross sections, respectively, of the first excited state (4.44 MeV) of the 12 C nucleus.
The numerical result was slightly different from that reported a previous study [25] because the taken from a previous study [60] . The experimental data for the 10 Be + 12 C system are taken from previous research [61, 62] .
N-N interaction was changed and the numerical procedure was improved. However, herein, we confirmed that this improvement resulted in only minor changes in comparison with the results reported in previous research [25] . The experimental data were well reproduced with N W = 0.8.
Furthermore, we compared 9 Li elastic scattering with 10 Be elastic scattering considering the 12 C target. The experimental data are available for the 10 Be elastic scattering. The structure of the 10 Be nucleus was described with regard to the α + α + n + n cluster configuration. The excited Figure 7 shows the elastic cross section for the 10 Be + 12 C and 9 Li + 12 C systems at E/A = 59.4 MeV. In this figure, the horizontal axis represent the transfer momentum q. The thin (black) and thick (red) curves represent the results of the 10 Be and 9 Li elastic cross sections, respectively. The current results were found to well reproduces the data with N W = 0.7. The CC effect for the 10 Be nucleus was larger than that for the 9 Li nucleus because the transition strength for the 10 Be nucleus was larger than that for the 9 Li nucleus as reported in a previous study [63] . It is worth noting that the numerical results were different from those reported in previous studies [63, 64] because of the improvements in the present calculation.
2. Demonstration of CC effect by 7 Li, 8 Li, and 9 Li nuclei
As mentioned in the previous subsection, the present calculation well reproduced the experimental scattering data when the renormalization factor was adjusted to around 0.7. In this subsection, we fixed the renormalization factor to 0.7 and demonstrated the elastic cross section of the Li isotopes. Note that our conclusions would remain unchanged even if we choose another value near N W = 0.7 is chosen. Herein, we reported the elastic cross section of the Li isotopes for the 12 C and 28 Si targets at E/A = 53 MeV. 28 Si target. Figure 8 shows the 7 Li, 8 Li, and 9 Li elastic scatterings on the 12 C target at E/A = 53 MeV. We noticed that the CC effects work almost comparably for the projectile and target nuclei during 7 Li + 12 C scattering. In contrast, a smaller CC effect for the 8 Li and 9 Li nuclei with more neutrons can be observed in Fig. 8 . Again, this effect indicated that the valence neutrons exhibited an important glue-like behavior, thereby attracting the α and t clusters. According to the glue-like behavior, the RMS radii of the 8 Li and 9 Li nuclei became smaller. The shrinkage of the Li isotope resulted in not only a small transition strength but also a small CC effect. Figure 9 shows the 7 Li, 8 Li, and 9 Li elastic scatterings on the 28 Si target at E/A = 53 MeV.
We can observe the large CC effect for the 7 Li nucleus in the 7 Li + 28 Si system. Furthermore, the small CC effect of the 8 Li and 9 Li nuclei were confirmed. Again, the results indicate that the valence neutrons exhibited an important glue-like behavior, thereby attracting the α and t clusters in the 8 Li and 9 Li nuclei. In the neutron-rich nuclei, we roughly expected that the CC effect will be important since the particle-decay thresholds were always low. This may be true for the fact that the continuum states for the valence neutrons made significant contribution; however, the valence neutrons also exhibited an aspect of stabilizing the binding of core parts. Therefore, the CC effect related to core excitation was indeed reduced when we performed a direct comparison of this case with the case involving weakly bound core nuclei.
IV. SUMMARY
Herein, we combined microscopic structure and reaction frameworks and investigated the channel coupling (CC) effect on the elastic scatterings of the Li isotopes (A = 6-9) for the 12 With these wave functions, the elastic scatterings of the Li isotopes were obtained in the framework of the microscopic coupled-channel (MCC) method. The existing experimental data were well reproduced up to backward angles for A = 6-10 elastic scattering by the 12 C and 28 Si targets at E/A = 50-60 MeV. In addition, the CC effects of the projectile and target nuclei were clearly apparent in the elastic cross sections. The 7 Li, 8 Li, and 9 Li elastic cross sections were demonstrated for the 12 C and 28 Si targets at E/A = 53 MeV with the inclusion of the CC effect. The 8 Li and 9 Li nuclei exhibited smaller CC effects in comparison with the 7 Li nucleus, which is thought to be caused by the glue-like behavior exhibited by the valence neutrons; the α-t core was stabilized by adding neutrons and the α-t distance became smaller. We realized that the glue-like effect of the valence neutrons on the Li isotope appeared not only in the nuclear radii and the transition strengths but also in the CC effect upon the elastic cross sections. In the neutron-rich nuclei, we roughly expected that the CC effect will be important since the particle-decay thresholds were always low. This could possibly be true for the fact that the continuum states for valence neutrons made significant contribution; however, the valence neutrons also tended to stabilize the binding of core parts. Therefore, the CC effect related the core excitation was indeed reduced when we performed a direct comparison of this case with the case involving weakly bound core nuclei.
